Abstract Trafficking of peripheral blood mononuclear cells (PBMCs) into the brain is a critical step in the initiation of human immunodeficiency virus (HIV)-associated central nervous system disease. To examine potential factors that control trafficking during the earliest stages of infection, PBMC transmigration across a cultured feline brain endothelial cell (BECs) monolayer was measured after selective exposure of various cell types to feline immunodeficiency virus (FIV). Infection of the PBMCs with FIV increased the trafficking of monocytes and CD4 and CD8 T cells.
Introduction
Lentiviruses such as human immunodeficiency virus (HIV) rapidly penetrate the central nervous system (CNS). Previous publications indicate that transmigrating monocytes and perhaps T cells are major vehicles for viral trafficking across the brain endothelium (Kim et al. 2004; Nottet et al. 1996; Persidsky et al. 1997; Petito et al. 2003; Williams and Hickey 2002) . Once viruses enter the brain, they are partially protected from anti-retroviral therapy making it difficult to eradicate them (McGee et al. 2006; Clements et al. 2005) . Because of this protected status of virus in the brain, much effort has been devoted to understanding the mechanisms that control virus entry in order to develop strategies to reduce or eliminate CNS infection. Some of these studies have focused on in vitro models utilizing brain microvascular endothelial cells cultured in various combinations with microglia and sometimes astrocytes (Nottet et al. 1996; Persidsky 1999) . These studies have also examined the role that especially microglia play in the control of monocyte trafficking and cell-associated virus trafficking into the CNS (Gray et al. 1992 ; Koenig et al. 1986; Zheng and Gendelman 1997; Nottet et al. 1996; Persidsky 1999) . Results from these studies have shown that activated monocytes traffick across brain endothelium at increased rates, although the trafficking is independent of infection (Nottet et al. 1996) . Infection of microglia with HIV also results in increased monocyte trafficking, which again is independent of infection (Persidsky et al. 1997 ). More recent data from simian immunodeficiency virus (SIV) and HIV infections have suggested that CD16 and CD163 monocytes may selectively traffick into the brain (Bissel et al. 2006; Roberts et al. 2004 ). The role of other mononuclear cells, viz., CD4 T cells, CD8 T cells, and B cells, and of other CNS cells in immunodeficiency virus infection of the CNS has not been well studied. An analysis of the relative contribution of microglia and astrocytes with and without feline immunodeficiency virus (FIV) treatment has demonstrated that the trafficking of uninfected peripheral blood mononuclear cells (PBMCs) is highly dependent on the presence of astrocytes (Hudson et al. 2005) . Untreated monocytes, CD4 T cells, CD8 T cells, and B cells all move most efficiently across brain endothelium when astrocytes are present in a transwell culture system. Untreated microglia co-cultured with the astrocytes always reduce the level of trafficking suggesting that these cells exert inhibitory control over the astrocytes thereby making the barrier less permissive to trafficking. However, when FIV is added to the cultures of CNS cells, this ability of microglia to restrict trafficking, in particular monocyte trafficking, is lost. Whereas these studies have clearly shown that cells within the brain parenchyma exert significant control over trafficking, questions remained regarding the interactions between infected PBMCs and the cells of the brain endothelium and parenchyma. In vivo, the PBMCs and peripheral lymphoid tissue are the first infected (English et al. 1993; Strand 1982) followed by changes at the brain endothelium, even without productive infection (Harper et al. 1986 ). Later in the course of the disease, the brain parenchyma exhibits evidence of infection (Wiley et al. 1986; Liu et al. 2006a, b) . Animal models have shown that the initial penetration of virus into the brain is cleared and is then followed by a more persistent and perhaps permanent entry (Liu et al. 2006a, b) . Definition of the evolving mechanisms of virus entry into the nervous system is crucial to the development of therapeutic strategies to eliminate infection of the CNS. Natural immunodeficiency virus (HIV/SIV/FIV) infections of the nervous system frequently include both virus in circulating PBMCs and virus exposure of CNS cells. Therefore, the experiments in this study have assessed the role of virus interactions with PBMCs, endothelial cells, astrocytes, and microglia and, in particular, any interactions that might support early virus penetration into the CNS.
Materials and methods

Cultured cells
The source of fetal tissue, isolation methods of CNS cells and PBMCs, and characterization of cells were as previously described in detail (Hudson et al. 2005) . Briefly, the brains of deceased feline fetuses were removed, washed, and cleaned of meninges. The cerebral hemispheres were minced and dissociated enzymatically for brain endothelial cells (BECs) or astrocytes, by using previously published isolation methods (Sapatino et al. 1993; Dow et al. 1992) or were ground through a wire mesh by using a long established method for microglia. For the latter, nonadherent microglia were collected from the resulting mixed culture. The purity of these primary cultures was determined by using specific cell markers and ranged from >80% for BECs to >95% for astrocytes and microglia. BECs were subcultured for a maximum of six passages, and cells from each passage were frozen for later use. Astrocytes were subcultured a maximum of once, and microglia were not subcultured.
Cell culture in transwell insert system Diverse combinations of BECs, astrocytes, and microglia were used to evaluate the role of individual cell types to the trafficking of PBMCs with and without virus treatment. The various configurations and number of replicates analyzed are summarized in Table 1 . BECs (and ultimately PBMCs) were present in the upper chamber of transwell inserts for all experiments and combined with treated astrocytes and/or microglia in the lower chamber to complete the transwell system. PBMCs were added to the upper chamber with the BEC monolayer 24 h after the transwell system was completed (see Fig. 1 ). Each cell component of the transwell system was then exposed to FIV in order to examine each interaction.
Endothelial cells were seeded at 5×10 5 /insert onto a transwell insert membrane coated with collagen (Biocoat, Becton Dickenson, Bedford, Mass.) and containing 3-μm pores. BECs were allowed to grow to confluence, which generally took 2-3 days. For experiments that would include astrocytes or microglia, the appropriate cell type(s) was seeded at 1×10 5 into the lower chamber without virus treatment, and the newly seeded BEC inserts were placed into the well. This would allow exposure of BECs to any secreted factors normally produced by the accessory cells. Then, in separate plates, astrocytes and microglia were seeded at the same density into the well (which would become the lower chamber) for 2 days. On day 2, astrocytes or microglia (without inserts) were treated with FIV for 24 h (also see below). The astrocytes or microglia were washed three times, and the inserts with confluent untreated BECs were transferred to the treated wells. Experiments utilizing BECs as the only CNS cell also involved this FIV treatment onto the confluent cells for 24 h. The BECs were washed three times. After the exposure of BECs, astrocytes, or microglia to the virus and the wash steps, 1×10
5 PBMCs were added to the upper chamber of each well. For all experiments, PBMCs that were isolated on Percoll gradient were stimulated overnight with 2 μg/ml of Concanavalin A (conA) as previously described (Hudson et al. 2005) . For experiments utilizing virus-treated PBMCs, these cells were also treated with the same strain of FIV for 24 h. PBMCs were washed three times and were labeled with 5 μM Cell Tracker Orange (Molecular Probes, Invitrogen, Carlsbad, Calif.). They were then added to the upper chamber of the cell culture inserts for 24 h.
Treatment with FIV
To simulate the earliest stages of infection with regard to the CNS, treatment of PBMCs with 1×10 4 TCID 50 NCSU 1 -FIV (English et al. 1993 )/1×10
5 PBMCs (multiplicity of infection [MOI] of 0.1) was performed for 24 h, with the PBMCs subsequently being referred to as infected or uninfected. The provirus copy number was determined by polymerase chain reaction (PCR; see below). This was followed by wash steps, labeling with 5 μM Cell Tracker Orange (Molecular Probes) as recommended by the manufacturer, and coculture of PBMCs with untreated BECs for 24 h. PBMC adherence to the BEC monolayer and transmigration of different PBMC subsets into the lower chamber of the transwell insert were then determined Step 1 Seeded BECs (day 1) were allowed to grow to confluence, and then virus was added to the upper chamber of the transwell insert for 24 h (day 3).
Step 2 The inserts were washed three times to remove any cell-free virus and subsequently moved to a fresh well with fresh medium in another plate.
Step 3 Treated peripheral blood mononuclear cells (PBMCs) were added to the upper chamber for 24 h (day 4). Adhered PBMCs and transmigrated PBMC subsets were measured (day 5). Controls included untreated PBMCs and untreated BECs and involved identical wash steps and transfer of inserts to fresh wells. b Two sets of plates with astrocytes, microglia, or both were prepared. In one plate, an insert with seeded BECs (day 1) was placed into the well, and BEC were allowed to grow to confluence under the influence of normal astrocytes and microglia.
Step 1 In the second plate, the astrocytes and/ or microglia were seeded (day 1) and then treated with virus for 24 h (day 2).
Step 2 Astrocytes and microglia were washed three times to remove cell-free virus. The inserts with the confluent BECs were subsequently transferred from the untreated plate to the treated plate for 24 h (day 3). Factors (green stars) from treated astrocytes and/or microglia may effect BEC functions.
Step 3 Treated PBMCs were added to the upper chamber for 24 h (day 4). Adhered PBMCs and transmigrated PBMC subsets were measured (day 5). Controls included untreated PBMCs and untreated astrocytes and microglia and involved identical wash steps and transfer of inserts 
(see below). This experiment was followed by determination of the interaction of virus-treated BECs (50 μl 1×10 4 TCID 50 /100 μl NCSU 1 strain of FIV) for 24 h, three washes of the monolayer, and coculture with virus-treated PBMCs (as above) for 24 h. Controls included untreated PBMCs with untreated BECs, and treated BECs with untreated PBMCs. Experiments exploring the role of virus-exposed astrocytes and microglia were then performed. On day 3 after seeding, astrocytes or microglia (without the BEC insert; see Fig. 1b ) were exposed to 50 μl 1×10 4 TCID 50 /100 μl NCSU 1 strain of FIV for 24 h. After the cells had been washed, an insert with a confluent monolayer of BECs was transferred into the well, and virus-infected labeled PBMCs (as above) were added to the upper chamber for 24 h. Controls of these experiments used the same density of cells and time points, but the FIV treatment of the CNS cells and PBMCs was substituted with fresh medium (Table 1) .
Earlier studies have determined that brain endothelial cells do not develop a productive infection with immunodeficiency virus when non-cell-adapted strains are used, such as those here (Steffan et al. 1994) . Additionally, astrocytes and microglia are known not to develop productive infections within 24 h (Dow et al. 1992; Meeker et al. 1999) . Therefore, these cells are referred to as virusexposed below.
Adherence of PBMCs
After 24-h coculture, the inserts were gently washed to remove any non-adhered PBMCs, and the insert membranes were removed and mounted onto slides in a manner to allow the counting of PBMCs adhered to the upper surface of the endothelial cells (simulating the vascular lumen). Fluorescent PBMCs adhered to the superficial surface of the BEC monolayer were counted in five independent fields (field=0.2515 mm 2 ) for each membrane by using an inverted microscope equipped with a digital charge-coupled device camera and Metamorph imaging software (Universal Imaging, Westchester, Pa.). Fluorescent objects were counted after filtration by size to restrict measurement of objects with the size of white blood cells. Counts were averaged within each insert to provide a single value for each insert and then averaged across inserts.
Immunocytochemistry
The medium from the lower chambers of configurations that included transmigrated PBMCs was collected, evenly divided, and cytospun as described previously (Hudson et al. 2005) . The cells were then immunostained for CD3, CD4, CD8, B cell, or monocyte markers (see Table 2 ) and manually counted.
Western blot analysis
Brain endothelial cells were grown in 25-cm 2 flasks until confluent. Fresh medium containing either no additional materials or FIV at an MOI of 0.5 was added to these cultures for 24 h. Cells were sonicated in buffer (50 mM TRIS-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0) with freshly added protease inhibitors (final concentrations: 50 μg/ml pepstatin A, 50 μg/ml chymostatin, 50 μg/ml leupeptin, 100 μg/ml aprotinin). Protein concentrations were determined by Bradford assay. Positive control, untreated sample, and treated sample wells were loaded with 45 μg protein in SDS buffer. Boiled samples were subjected to electrophoresis in a 7.5% polyacrylamide gel and then transferred to polyvinylidene difluoride (PVDF) membrane overnight at 4°C and 40 mV. The membrane was blocked in 5% skim milk buffer for 1 h, incubated with primary antibody for intracellular adhesion molecule 1 (ICAM1), ICAM2, and vascular cell adhesion molecule (VCAM; see Table 2 ) for 1 h at room temperature, and then incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. Peroxidase activity was detected by use of chemiluminescence. Bands were imaged by using a bioimaging system and Labworks software (UVP, Upland, Calif.). The membranes were then stripped by using a commercial product (Santa Cruz Biotechnology) and reprobed with actin antibody and appropriate HRP-conjugated secondary antibody as a loading control ( Table 2 ). The actin bands were imaged as above. For the resulting figure, blot images were optimized by adjusting the contrast to view bands, and pertinent sample lanes were digitally placed adjacent to each other. Bands were measured by using densitometric software (Labworks software). Densitometry values were then normalized to the actin untreated control for each adhesion molecule.
Detection of provirus by PCR
Blood was collected from SPF cats that were negative for FIV infection by antibody test, and negative by reverse transcriptase PCR of both cerebrospinal fluid (CSF) and plasma (Liu et al. 2006a, b) . After Percoll separation of PBMCs, the cells were counted, stimulated with conA as above, and exposed to FIV at an MOI of 0.1 for 24 h as for the culture insert experiments. After the exposed cells were washed three times, the PBMCs were collected, and 1×10
6
PBMCs were processed for DNA with a kit (Qiagen, Valencia, Calif.). Real time PCR analysis for FIV provirus was performed with previously published primers and labeled probe (English et al. 1993; Liu et al. 2006a, b) . A standard curve was generated from a pcDNA3.1-gag plasmid sample (Liu et al. 2006a, b) .
Statistical analysis
Data on PBMC adherence and transmigration was analyzed by analysis of variance with Tukey's post-hoc paired comparisons (GraphPad Prism software or Minitab software). The absolute numbers of transmigrating PBMC subsets was variable from run to run, resulting in a non-normal distribution in most instances. Consequently, the Mann-Whitney test was also used to evaluate changes in paired data.
Results
Infection of PBMCs
Acute exposure of PBMCs to NCSU 1 -FIV resulted in detectable provirus (87 copies per 10 6 PBMCs compared with 0 copies for unexposed PBMCs) in 24 h by using real time PCR. The exposure level (MOI of 0.1) simulated Presence of astrocytes increased adherence of PBMCs to a BEC monolayer in comparison with the presence of FIV-treated microglia. When both astrocytes and microglia were present, the astrocyte effect appeared to be partially suppressed by the microglia values reported previously for in vivo circulating infected feline PBMCs (Dean et al. 1996) .
Effect of FIV exposure to PBMCs and BECs on adhesion and transmigration
To assess possible changes in trafficking as virus exposure passes from blood to include endothelium, PBMCs were infected with FIV and then co-cultured with either untreated or treated endothelial monolayer. Treated endothelial cells in the upper chamber were exposed to FIV continuously for the 24-h period prior to the initiation of trafficking in order to mimic the exposed brain vasculature. The control group for this series of experiments involved untreated endothelial cells and PBMCs.
Acute infection of PBMCs with FIV for 24 h did not alter the adherence of the PBMCs to the surface of untreated endothelial cells. An average of 11.2 uninfected PBMCs/field tightly adhered to the endothelial surface versus 12.4 infected PBMCs/field (Fig. 2a) . Independent exposure of the endothelial cells with FIV also failed to influence the adherence of infected PBMCs (12.1 PBMCs/field), although exposed BECs with uninfected PBMCs showed a significant decrease in adhered PBMCs (3.2 PBMCs/field).
Constitutive expression of VCAM in BECs was absent to very low (Fig. 3) . There was a non-significant increase in VCAM expression after FIV treatment. ICAM1 expression in BECs was constitutively low and decreased about 50% on exposure to FIV compared with the untreated level. ICAM2 constitutive levels were more robust than either VCAM or ICAM1, but expression in endothelial cells decreased about 50% with exposure to FIV, a finding consistent with the decreased PBMC adherence to virusexposed BECs seen in Fig. 2a .
In the absence of FIV infection, T cells transmigrated at the lowest rate, whereas monocytes transmigrated at a higher rate and B cells at the highest rate (Hudson et al. 2005) . Infection of the PBMCs influenced transmigration in a cell-specific fashion. The transmigration of monocytes and CD4 T cells was increased after exposure of the isolated PBMCs to FIV (Fig. 4, light gray bar) . This increase was significant for the CD4 T cells (P<0.05). When the infected PBMCs were added to brain endothelial cells that were also exposed to FIV for 24 h, transmigration of monocytes and CD4 T cells was greatly diminished (Fig. 4 , dark gray bar). However, it was a significant decrease only for the monocyte transmigration (P<0.05). Transmigration of CD8 cells was also diminished under the same conditions but was very low under all conditions. B Fig. 3 Acute (24 h) FIV exposure of BECs increased vascular cell adhesion molecule (VCAM) and decreased intracellular adhesion molecule 1 (ICAM1) and intracellular adhesion molecule 2 (ICAM2) expression on Western blot analysis compared with untreated cells (unTx). Data is representative of three independent experiments. The VCAM-positive control (+) was SOL8; the ICAM1-positive control (+) was HELA, and the ICAM2-positive control (+) was NAMALWA. Actin was used as a loading control, and densitometry values were normalized to actin control readings of untreated samples. VCAM demonstrated very low to absent constitutive expression, ICAM1 showed low constitutive expression, and ICAM2 showed robust constitutive expression. VCAM expression was increased after FIV exposure, but changes were not significant. ICAM1 and ICAM2 expression was decreased by approximately 50% upon acute FIV treatment of BECs (Ad Mol Ab antibody to each specific adhesion molecule) cells transmigration did not change significantly after infection of the PBMCs or endothelial cells. The combination of FIV exposed BECs with unexposed PBMCs resulted in the lowest transmigration of all PBMC subsets.
Effect of FIV exposure to astrocytes and microglia on adhesion and transmigration of infected PBMCs
To assess possible changes in trafficking as virus exposure moves into the CNS, astrocytes and/or microglia were exposed to FIV and then co-cultured with BECs. The infected PBMCs were then added to the endothelial monolayer with astrocytes, microglia, or a combination of astrocytes and microglia present in the lower chamber of cell culture inserts. In each case, cells in the lower chamber were exposed to FIV continuously for the 24-h period prior to the initiation of trafficking in order to mimic the exposed brain parenchyma. Controls for this series of experiments involved untreated endothelial cells, astrocytes, microglia, and PBMCs.
Astrocyte and microglial effects on PBMC adherence The presence of FIV-exposed astrocytes in the bottom chamber of cell culture inserts significantly increased the adherence of infected PBMCs to BECs, whereas FIV-exposed microglia alone had little effect (Fig. 2b) . When both astrocytes and microglia were present, the effect of the astrocytes was slightly suppressed (Fig. 2b) but did not reach significance. These configurations when compared with the same combination of untreated cells did not have an altered adherence.
Astrocyte and microglial effects on transmigration of monocytes When PBMCs and astrocytes or microglia were exposed to FIV, the transmigration of separate PBMC subsets was variable. This addition of FIV treatment resulted in a lowered mean transmigration of monocytes in the presence of astrocytes and/or microglia compared with these untreated configurations with untreated PBMCs. As summarized in Fig. 5a , the FIV-exposed astrocytes increased the level of trafficking of the monocyte subset within the FIV-infected PBMCs. However, FIV-exposed microglia alone significantly suppressed monocyte trafficking by 87%. FIV-exposure of microglia in combination with astrocytes suppressed monocyte trafficking by 67% in comparison with FIV-exposed astrocytes alone indicating that the microglia have an inhibitory effect on monocyte transmigration. Additionally, the mean transmigration of monocytes, when FIV-infected, was always less than the mean transmigration of monocytes that were uninfected.
Astrocyte and microglial effects on transmigration of CD4 T cells There was a trend for trafficking of CD4 T cells (summarized in Fig. 5b ) to be facilitated in the presence of FIV-exposed astrocytes and suppressed by FIV-exposed microglia. When both FIV-exposed astrocytes and microglia were present, the largest mean number of CD4 T cells was trafficked, but this increase was not statistically significant.
Astrocyte and microglial effects on transmigration of CD8 T cells Relatively few CD8 T cell transmigrated across the endothelium. The results (summarized in Fig. 5c ) indicated that the transmigration was unaffected by the addition of FIV-exposed astrocytes or of FIV-exposed microglia alone. However, the combination of astrocytes and microglia with FIV significantly increased the trafficking of the CD8 T cells suggesting a synergistic effect of these cells.
Astrocyte and microglial effects on transmigration of B cells
The number of B cells that migrated from the upper chamber, across the endothelium, and into the lower chamber significantly increased in the presence of FIVtreated astrocytes and FIV-treated PBMCs compared with endothelial cells alone (Fig. 5d) . A still greater and significant increase was seen in the presence of FIVexposed microglia. When both astrocytes and microglia Fig. 4 FIV treatment of PBMCs and of BECs differentially modulates transmigration of PBMC subsets (*P<0.05 for indicated pairs, error bars standard error of the mean). BECs and PBMCs were present in all experiments and were either untreated with FIV (−) or treated with FIV for 24 h (+) and then cocultured for an additional 24 h. Transmigrated PBMCs were collected and stained for specific subsets. CD8 T cells (CD8+) overall had the lowest mean transmigration but the addition of FIV-treated PBMCs increased transmigration slightly. FIV treatment of BECs resulted in no transmigration of CD8 T cells. CD4 T cell (CD4+) transmigration was low when PBMCs were not FIV-treated but significantly increased with PBMC treatment and was decreased when BECs were FIV-treated. Similar to CD8 T cells, monocyte (Mono) transmigration was significantly decreased when BECs were FIV-treated. B cells (B(×10)) were the most extensively transmigrated cell of the various PBMC subsets studied. However, treatment of BECs and/or PBMCs with FIV did not alter the mean transmigration of this subset were present and exposed to FIV, the number of transmigrated B cells was equivalent to the number seen with astrocytes alone. The difference in mean transmigration between FIV-treated cells and untreated cells in the presence of endothelial cells and astrocytes was significant for B cells.
Discussion
When the host organism is infected with a lentivirus such as HIV, SIV, or FIV, a sequence of events gives rise to the distribution of the virus throughout the body. HIV is most commonly spread via unprotected sexual intercourse and use of contaminated needles during intravenous drug use (Janeway et al. 2005; Klevens et al. 1999; Quinn 1995) . For animal immunodeficiency viruses, most natural infections are communicated via sexual transmission or bite wounds contaminated with infected saliva (Novotney et al. 1990; Gunn-Moore et al. 1996; Beebe et al. 1992; Pedersen and Barlough 1991) . These common methods of immunodeficiency virus exposure afford rapid access to the monocytes and lymphocytes of the blood stream and dissemination to other organ systems, particularly lymphoid tissue (Dianzani Fig. 5 a-d FIV treatment of astrocytes, microglia and PBMCs differentially alters the transmigration of various PBMC subsets (error bars standard error of the mean). Astrocytes and/or microglia were present (+) or absent (−) in the configurations as indicated and were exposed to FIV for 24 h, before being co-cultured with BECs and untreated or FIV-treated PBMCs. a The presence of virus-treated astrocytes significantly increased mean monocyte transmigration by greater than two-fold (**P<0.05) compared with other configurations of treated cells. Nevertheless, the mean transmigration of monocytes in the presence of FIV-treated cells was less than the mean transmigration in the presence of untreated cells. b In CD4 T cells, mean trafficking in the presence of FIV-treated cells increased with astrocytes or with astrocytes and microglia, but the observed variations precluded significant differences in transmigration numbers. c The presence of both FIV-treated astrocytes and microglia significantly increased transmigration of CD8 T cells (**P<0.05) over the absence of astrocytes and microglia. Additionally, the presence of treated microglia only gave a significantly different result from that of the same configuration of cells without treatment (*P < 0.05). d B cell transmigration is increased with FIV-treatment of astrocytes and microglia. FIV-treated microglia exhibited an increase in transmigrated cells over treated configurations with astrocytes and microglia, astrocytes, or BECs only. Treated astrocytes or treated astrocytes and microglia demonstrated similar but smaller increases (*P<0.05 over configuration with treated BECs only; **P<0.05 over all configurations with treated cells). In contrast, the configuration including untreated astrocytes was significantly increased over configurations with untreated microglia or both untreated astrocytes and microglia (***P<0.05). BECs with untreated astrocytes and PBMCs was significantly increased over BECs with treated astrocytes and PBMCs ( † P<0.001) Pantaleo et al. 1991) . Most data concerning the early stages of infection support the idea both that the PBMCs are infected, and that plasma viremia is established prior to virus entry into the brain parenchyma and CSF, although the temporal relationship is apparently close (Liu et al. 2006a, b) .
The entire process of trafficking cells through an endothelium requires four basic steps: rolling, adhesion (or arrest), transmigration (or diapedesis), and migration through tissue. These are separate steps with different control mechanisms. Adherence is generally accepted as being a rate-limiting step for later transmigration to occur, and relatively low adherence is followed by relatively low transmigration. However, the converse is not necessarily true, e.g., increased adherence is not necessarily followed by increased transmigration because mechanisms for the different steps are not locked together, as is supported by the data in this report. Additionally, our time points have been chosen to optimize findings for transmigration. As a result, the peak in adherence of PBMCs is possibly past, although the data are still statistically significant.
Influence of BECs on trafficking of infected PBMCs
The interactions between virus, PBMCs, and the CNS triad of BECs, astrocytes, and microglia are crucial to the development of CNS disease but are not well understood. In the current study, the interactions of FIV-infected PBMCs with BECs were first assessed under conditions that simulate the initial trafficking of cells, potentially containing virus, into the naive CNS. To accomplish this, PBMCs that were acutely infected with FIV were seeded into transwell inserts containing a monolayer of unexposed BECs. This represented the very earliest stages of infection, even prior to the development of a significant plasma viremia. A separate set of cultures was used in which both the PBMCs and BECs were exposed to virus, thereby simulating the conditions present during early plasma viremia. Under both of these conditions, adherence of PBMCs remained unchanged. This suggests that, during in vivo immunodeficiency virus infection when uninfected PBMCs constitute the largest percentage of circulating PBMCs (Dean et al. 1996) , the uninfected PBMCs are less likely to adhere to a virus-exposed endothelium. Moreover, cells that do not adhere to the endothelium are not available for the subsequent steps of transmigration.
Under the condition of treated PBMCs and untreated BECS, monocytes or CD4 T cells demonstrate the greatest increase in mean transmigration. These findings suggest that the trafficking of CD4 T cells and monocytes is facilitated during the initial stages of infection, before exposure of the endothelial cells to the virus. The trafficking of B cells and CD8 T cells under this condition is essentially unaltered. This early spike in T cell and monocyte trafficking may serve as an explanation for the rapid development of infection both peripherally and centrally, as reported in an unfortunate case of iatrogenic intravenous HIV exposure of an HIVnegative individual (Davis et al. 1992 ). Despite treatment with zidovudine for 3 days within 45 min of exposure, this individual was positive for provirus by PCR within 8 days peripherally and at 15 days post-exposure in brain tissue.
As the plasma viremia develops and the brain endothelial cells are exposed to cell-free virus, the trafficking of monocytes then decreases significantly. A substantial reduction in infected or uninfected CD4 T cell trafficking is also seen with no effect on CD8 T cells or B cells. This observation suggests that the acute effect of FIV exposure on the endothelium is preferentially to suppress the trafficking of CD4 T cells and monocytes. The reduction in ICAM1 and ICAM2 expression supports this conclusion. Thus, at the early stages of infection, mechanisms may exist first to increase and then to limit the amount of immune cell trafficking. These results indicate that acute exposure to lentiviruses does not damage the blood-brain barrier or promote trafficking via a leaky barrier (Boven et al. 2000; Annunziata 2003; Dallasta et al. 1999) . Two possible outcomes might be predicted from these observations. First, a down-regulation of early immune cell trafficking by FIV may restrict the influx of infected cells and may explain the rapid clearance of virus and immune cells from the CNS after the initial peak of virus in the plasma and CSF (Zink et al. 1997; Ryan et al. 2003) . On the other hand, immune cell trafficking important for viral clearance may be suppressed during this early critical period after the virus gains access to the CNS. As the infection progresses, other factors may come into play that override this inhibitory effect, allowing for a gradual infiltration of monocytes and/ or T cells with increased virus exposure to astrocytes and microglia, as discussed below. If intrinsic mechanisms are present that can restrict the trafficking of immune cells across the brain endothelium, then we might be able to exploit these processes for therapeutic applications.
Influence of astrocytes and microglia on trafficking of infected PBMCs
An earlier study has found that the presence of astrocytes and microglia greatly influences the adherence and transmigration of uninfected PBMCs (Hudson et al. 2005) . The current study comparing treated and untreated PBMCs (Fig. 5 ) also shows that astrocytes encourage PBMC adherence, whereas microglia tend to reverse this effect. These changes are independent of virus exposure.
The effect of the astrocytes on the transmigration of PBMC subsets (Fig. 5) , however, is less robust with treated PBMCs than with untreated PBMCs. The astrocytes effect is perhaps being overridden by the infection of the PBMCs. Monocytes show a relatively increased level of transmigration in the presence of treated astrocytes, whereas the presence of microglia suppresses this trafficking. An inhibitory effect of microglia on CD4 T cells has also been seen, although the microglia tend to support the trafficking of CD8 T cells and B cells. Previous studies have indicated that monocyte activation in the presence of untreated astrocytes is sufficient to promote trafficking (Persidsky et al. 1997) . In a similar study, Persidsky et al. (1999) have demonstrated that the presence of infected microglia encourages the trafficking of uninfected monocytes in part because of the increased secretion of MCP-1. A robust secretion of MCP-1 from astrocytes is consistent with their positive role in trafficking as seen in this and related studies Hudson et al. 2005 ). The precise role of microglia is not as clear. The studies by Persidsky et al. (1999) and Hudson et al. (2005) both show that infected microglia support monocyte trafficking. However, in the latter study, increases in trafficking appear to be attributable to the loss of an inhibitory action seen in the uninfected microglia. This concept is supported in the present study, although the impact of the microglia appears to be partially overridden by infection of the PBMCs. Thus, direct activation of the monocytes by FIV may encourage higher levels of trafficking independent of contributions from the parenchymal cells. The synergistic effect of astrocytes and microglia on CD8 T cell trafficking suggests that these cells may be primarily under the control of factors derived from the brain parenchyma. This observation could provide an important functional distinction between the trafficking of CD4 and CD8 T cells and may provide some understanding of the accumulation of CD8 T cells in the brain of HIV patients over time (Petito et al. 2003) .
The addition of either treated astrocytes or microglia to the cultures facilitates B cell transmigration. As in the previous experiments, an antagonistic relationship between the independent effects of the astrocytes and the microglia is often seen.
Overall, these observations suggest a sequence of events during the early stages of infection. Acutely infected/ activated blood cells initially move into the CNS followed by the suppression of trafficking as the plasma viral load rises. A resurgence of trafficking subsequently occurs as parenchymal infection begins to reverse some of the natural inhibitory processes. This scenario may partially explain the rapid appearance and disappearance of virus after initial infection and the paucity of pathologic changes that can be detected by sundry methods within CNS tissue during acute immunodeficiency infection. Indeed, during acute or asymptomatic stages of infection, these interactions may effectively reduce the opportunity for CNS invasion via the blood-brain interface.
